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SUMMARY 


Problem 

The  Air  Force’s  first  generation  G-seat,  currently  installed  in  four  separate  Iraining/research 
simulators  employs  an  open-loop  pneumatic  control  system.  Because  of  relatively  low  bandwidth  servo 
control  valves  and  long  hose  lengths,  some  of  these  systems  have  excessive  time  delays.  While  these  seats 
exhibit  good  sustained  cueing  capability,  their  performance  is  marginal  for  producing  overall  acceleration 
cues.  Because  of  sluggish  response  characteristics,  virtually  none  of  the  seats  could  give  appropriate 
acceleration  onset  cues  and  be  in  synchronization  with  current  visual  systems. 

One  complete  channel  of  G-seat  hardware,  the  servo  valve,  tubing,  pneumatic  booster  relay,  and  metal 
air  bellows  was  evaluated.  By  employing  position  feedback  in  the  metal  air  bellows  and  lead-lag 
compensation  circuitry  in  the  pneumatic  control  Ump,  the  perfonnance  of  the  system  was  improved. 
Flectro-pncumatic  transducers  (CONOFLOW  valves),  pneumatic  booster  relays,  plastic  tubing,  needle 
valves,  and  metal  air  bellows  like  those  utilized  in  the  Air  Force’s  six  G-seats  were  evaluated.  A special 
potentiometer  feedback/metal  air  bellows  assembly  was  evaluated  for  improved  performance. 
Compensation  circuitry  was  optimized  for  closed-loop  control  of  the  valve-bellows  system. 

Results 

The  valve-bellows  assembly  was  evaluated  in  both  the  open-  and  closed-loop  configuration.  In  the 
open-loop  configuration,  the  valve-bellows  arrangement  closely  matched  the  G-seat  hardware  in  the  Air 
Force’s  current  G-seat  systems. 

In  the  open-loop  configuration,  the  pneumatic  system  acts  like  a low-pass  filter.  Although  the 
pneumatic  booster  relay  improved  the  rise  time  and  fall  time  of  the  metal  bellows,  it  did  not  improve  the 
initial  response  time  of  the  system.  In  the  open-loop  configuration,  the  optimum  arrangement  included  a 
needle  valve  (between  the  electro-pneumatic  transducer  and  the  bellows)  which  was  bled  to  the  atmosphere. 
The  booster  relay  was  removed.  With  the  needle  valve  in  the  system,  the  initial  response  time  improved 
from  140ms  to  90ms  and  the  fall  time  improved  commensurately ; the  rise  time,  however,  was  not  as  good 
as  with  the  booster  relay  in  the  system. 

Tlie  position  feedback  bellows-valve  configuration  resulted  in  the  output  voltage  leading  the  input 
voltage  at  low  frequencies  and  the  magnitude  response  resulting  in  a band-pass  filter  with  a low  resonant 
frequency.  Negative  feedback  with  both  lead  and  lag  compensation  improved  the  response  of  the 
closed-kwp  system.  In  general,  the  closed-loop  system  responded  2CW  faster  with  a ten  times  faster  rise 
time  for  a step  input  and  309?  faster  with  almost  one  and  one-half  times  faster  ramp  rise  time  for  a ramp 
input. 

The  effect  of  hose  length  between  the  bellows  and  valve  was  also  evaluated  with  the  finding  that  a 
15-foot  hose  resulted  in  a 35ms  lag  and  a 43-foot  hose  in  a 75ms  lag. 


Conclusions 


An  improved  pneumatic  control  system  for  the  G-seat  has  been  demonstrated.  In  its  present 
open-loop  configuration,  the  Air  Force’s  G-seat  performance  can  be  improved  by  (a)  minimizing  the  hose 
length  between  the  control  valve  and  bellows  and  (b)  bleeding  to  atmosphere  some  of  the  supply  and 
exhaust  air  between  the  valve  and  bellows.  A closed-loop,  position  feedback  bellows  was  evaluated  in  a 
pneumatic  control  system  like  that  presently  in  the  Air  Force’s  G-scats.  The  closed-loop  system 
demonstrated  an  improved  performance  over  the  open-loop  system. 


The  position  feedback  technique  is  only  one  of  many  ways  to  improve  the  iierformance  of  the  G-seal 
system.  It  is  anticipated  that  the  work  described  in  this  reporl  will  foster  an  interest  in  further  developing 
responsive  pneumatic  control  systems  for  G-scats. 


V 


□ 


!r-> 


1 


l'K»  I A('l 


This  sillily  \sas  iiiitiati'il  !>>  tlio  Ailiaiiii'il  Sssionis  nivision.  An  I oui’  lliim.ui 
Rosoukos  labmaU'ty  (AMIRI),  iinliil’alicison  All),  01iu>.  uiuU’i  pn'toii  (>114. 
SiinulatiDii  rochim|iio.s  I'oi  An  I nri'i-  riainiti}!.  lask  ('1I41'>,  Motuxi  ami  l oii'i' 
Simulatuii).  Ms.  I’alriiia  Knoop  \v;ls  iIio  pioioil  siicnlist  I'lu’  losiMiili  iias  poilbinuM  al 
llic  Ailvaiii'Cil  Sysieins  |)tvisioii  will;  Mi  William  |{  Allvn  as  piimipal  iiivosiiiiaioi  Mi 
I rii'k  n.  llunicr  pcrrormoii  llu-  ovalualion  ami  aiialssis  ol  ilio  liaiilviau-  ilosiiilicii  m this 
ii'porl.  ilio  I'llorl  was  I'miiliiilcii  ilmiiii;  llio  ponml  linm  I ,lul\  l')7s  lo  H)  Maiili 


II  IM'iOitixo 
III  Vpi’ivi.uli 

l\  PlXvllSMvMl  I'l  Wv'lk  IViU'HIU'iI 


\'  Siimiii.iix  I'l  Ki-siills 

Ki'k'ii'uxos 

I ISI  Dl  II  I rsiKAl  KINS 

1 miin- 

I ASI’I  li  MMl,  lIlU'l'M'IOll  ... 

' t'ONllI  I (AV  \.il\o  I'U’viio  pni'iimaiii' ii.u\svliuoi 
' I vpcnmcni.il  I'l  SiMt  hclli'ws.  i'i'siiioi\  Ici'ilbaik  bolli'ws  (ivnli'i  I 

I ■>  ASI’I  NO  .It  I'.in  inol.il  ,iii  lx-lli'\vs.  liilK  ovi'.iiiiloil  

j > SnIioiii.iIio  ol  I'ONlM  1 1 AV  valvo  olooiio  pnoimialio  t laiisiluooi 

i ('  SvIioinalK'  >'l  ONiviimoiilal  pi'Silu'ii  looilbaok  inolal  an  hollows 

I’  ()(vii-loop  (Viloiinanoo  o(  bollows  (i>  stop 
^ S I Hoot  ol  iiooillo  valxo  blooil  on  hollows  losponso 

I '>  Ma.ointiKlo  losponso  ol  v'poii  loop \.il\o  hollows  sNstoni 

J 10  lliaso  losponso  ol  opon  loop  \ .iho  hollows  s>  Niom 

■ II  Rosponso' ami  iiso  Imio  ohaiaoloiisiios  oT  Iho  oivn  loop  valxo  holUwxs  sxsioin 

1'  SN'Iiomalio  of  oxpoiiinonial  olosoil  loop  I- soat  s\  siom 
1'  M.iiliiitmlo  lospi'iisi' v'l  oon\pons.ilOil  xalxo  hollows 
l-J  I’liaso  lOspoMsi' ol  oonipoiis.ilotl  xaho  holli'Ws  . 

I 15  M.u'.niimlo  lospoiiso  ol  olosoil  loop  li-soal  sssioni  . 

!('  lliaso  losponso  ol  olosoil  li'op  II  soal  s\  sioin 

I ’ Divn  aiul  olosoxl  loop  ssstom  losponsi'  lo  slop  inpni  (i"'  woi^iliil 

IS  ('ivn  ami  olosoO  loop  sxsioni  losponso  U'  slop  inpui  1 10  pouiul  woijilitl 

10  0|X'n  aiul  olosoxl  liH'p  s>  sloin  losponso  lo  lamp  inpnl 

'0  I'l.iiiiani  ol  oxpoiiiiioiiial  looOhaok  II  soai  s\  sloiii 

1 isroi  r vui  i s 

l'»l’lo 

I (l|X'n  loo|’  ri.iiisiliiooi  Hollows  Rospoiiso  Slop  lnpiii.4  l tool  lloso.  10  ix'iiml  Woiiilii 
' riaiisiliiox'i  Hollows  Sxslom  Rosponsi'  Slop  Inpiii.  Hlooil  \ al\o.  4 I tool  lU'so 

4 I laiisiliiooi  Hollows  Sxsloni  Ros|xmsi‘  R.imp  liipiil,  Hlooil  Vaho.  44  loot  llosos 

4 


:o 

'0 

l'»tlo 

o 

S 

10 
1 1 
i: 

14 
i> 
ii> 
17 

15 
|0 

:i 
> > 

74 

\ ■» 

I’lllS- 

14 

:s 

:s 


I 

r 


• 


I 


(i  SI  AT  (OMl'ONl  NT  DTVl  lOl’MI  NT 


I.  INTR01>1  CTION 


Tile  Ci-scat  has  become  an  imponant  pari  ot  the  total  militaiA  nyinp  liainiiip  simulation  environment. 
Recent  .\ir  f'orce  and  Navv  simulatoi  procurements  have  specilled  the  (i-seai  as  part  ol  the  training  s>  stern. 
The  Ci-seat  is  that  siiocial  device  which  replaces  the  pilot's  seat  in  a tlying  training  simulator  and  by  virtue  of 
Its  geonietr>'  and  drive  philosophy,  stimulates  principall>  the  tactile  and  pressure  receptors  ol  th  pilot  s 
back,  bullocks,  and  thighs.  The  concept  of  a Ci-seat  is  not  new  (Johnson.  l^f.SS),  Recently,  the  Ait  Toice 
lias  renewed  the  interest  in  ihe.se  devices  with  the  development  of  the  (l-seats  foi  the  .Advanced  Simulatoi 
for  Pilot  Training  (ASn  i and  the  .Smiuiator  for  ,\ir  to-Air  fonibat  (SAAC).  Tavorable  coninienls  have  been 
received  on  the  utility  ot  these  Ci-seats  (Stark.  I*17b,  Waters  A;  (irun/.ke.  l^iTb).  although  some  limitations 
have  been  identified  w ith  respect  to  their  performance  (Cium  & .Albery.  I ‘>77). 

The  Air  Torce  currently  owns  six  (bl  Ci-seats  and  is  iii  the  process  ol  procuring  sixteen  ( lb)  additional 
Cl-seats  for  retrofitting  into  1-41  trainers.  The  six  Cj-seats  are  located  in  three  simulator  lacilitics.  Two  ol 
the  seats  are  in  the  ASPT  at  Williams  Al'B.  Ari/ona;  two  are  in  the  S.A.AC  at  Luke  ATH,  Arizona;  one  Ci-seat 
was  in  the  F4L  Weapon  Systems  Training  Set  (WSTS)  -IS  at  Luke  .ALB.  Ari/ona.  but  has  rcccntK  K'en 
sent  to  Williains  .ALB.  Arizona;  and  the  sixth  seal  is  at  the  NASA/.Aiiies  Research  Center.  Molfeti  f ield. 
California.  Tliis  sixth  C<-seat  was  fabricated  b>  ASD/LNI  T.  Wright-Patterson  Al  B.  Ohio,  at  Wright- 
Palterson.  and  then  delivered  to  NASA/.Aiiies  where  it  is  undergoing  evaluation.  The  sixteen  Ci-scats 
currently  being  procured  for  f'-41  trainers  will  also  include  a Ci-suit  and  seal  shaker. 

Five  of  the  six  Ci-seat  s>  stems  have  been  oivratioiial  since  early  1^75;  the  Ames  Ci-seat  has  been 
operational  since  lb7b  and  has  been  used  in  a KC-1 .75  motion  study  ( MacFarland.  Ci  rill  in.  & DeBcrg.  Ib7b) 
on  tlie  Flight  Simulator  for  .Advanced  Aircraft  (FSA.A)  and  is  currently  installed  in  the  .Ames  SO-1.  a 
six-degree-of-freedom  research  simuiator. 

All  six  of  these  Ci-seats.  in  addition  to  the  sixteen  under  procurement,  have  three  common  properties 
which  are  the  subject  of  lliis  report:  (a)  they  are  open-loop  pneumatic  stsieiiis.  (b)  llicv  are  all  paiierned 
after  the  A.SPT  seal  which  was  designed  for  research  applications  with  much  built-in  llexibility.  and  (c)  they 
are  relatively  sluggish  with  respect  to  response. 


II.  OBJI  CTIVK 

Tlic  objective  of  this  study  was  to  investigate  and  to  improve  the  engineering  ix'rlormance  charac- 
teristics of  tiie  ASPT -type  pneumatic  Ci-seat.  The  ASPT  Ci-seats  (Figure  1)  are  for  the  T-.77B  aircraft 
simulation  whereas  the  other  five  seats  (and  subsequently,  the  sixteen  tollow-on  systems)  are  tor  the  F-4F 
aircraft  trainers.  Tlie  ASPT  scat  differs  from  the  otliers  in  the  number  of  seat  pan  cells  ( lb  for  .ASPT.  14  lor 
f-4F.  scats)  and  in  the  backrest  drive  software.  In  most  other  respects,  the  seats  are  identical  in  that  they 
employ  the  same  pneumatic  control  valves,  metal  air  bellows,  and  drive  philosophies.  The  .ASPT  (>-seat 
development  has  been  documented  (Kron.  l')75). 


III.  APPROACH 

Tlie  approach  taken  to  meet  the  objective  of  improving  the  perlomiance  characteristics  ot  the 
pneumatic  G-seal  was  first  a eomixinenl-by-component  evaluation.  Tlie  key  elements  ol  the  Ci-seat  control 
loop  were  isolated  and  evaluated  individually  for  their  contributions  to  the  overall  ivriormance.  These 
elements  include  (a)  the  electro-pneumatic  transducci.  or  CONOFLCTW  valve  (1  igiiie  2).  (b)  the  met;il  aii 
bellows  ( Figure  .7).  and  (c)  the  booster  relays  and  flexible  tubing. 
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leinilaii'il,  psi.  Jis  an  soiiiee  aiul  oiiipiiis  0 I > psi  lieivuilnii;  mi  tlie  eloi  iiieal  niitpni  siinial 

Hie  eiiiu'iil  llial  lions  llinnii;li  a 44s  mil  ^^ts  up  a inaeuietie  I'lelil  nliieli  pnslies  the  vOil  oin  ot  a 
ivinianeiit  niafinetie  eme  H leine  ■'I  \ lesei,  nliieli  is  pi'sitimu'il  inei  an  eshaust  no/.'le,  is  all.ieheil  U'  ibis 
iiiinini;  iiuineUu  'Mien  llie  ei'il  niiues  out  ol  the  eoie.  the  leu'i  moves  tonani  the  iio//le  aiul  the  laie  ol 
evhansiiiii;  an  ileeieases  Hie  evhanstini;  an  eaiisi's  a ililleienee  in  piessiiie  between  the  two  eh.iinbeis  Ino 
iliaplnaimis  nliieh  sep.iiate  these  two  ehainbeis  ilisteiiil  aiul  push  a pneiniiatie  valve  ojvii  I lie  opeiinie  ol 
this  valve  eaiisi's  an  output  pievuiie  vvhieh  is  appioMinatelv  lineai  with  lespeet  to  the  in\'iit  einieiil  lhioii!'.h 
the  inihietoi  iKion.  I'*?'' 

Hie  position  teevib.iek  metal  bellows  (I  ii;ine  ol  is  a piessnie  aetiialeil  ileviee  Ute  mam  luslv  ol  ilie 
Ivllons  is  the  eapsnie  vvliieh  eonsists  ol  stainless  steel  vvasheis  neUleil  toiiethei  to  loini  .1  ev'iivi'hiteil 
evhiulei  Hie  spnnv;  eonstant  ol  the  bellows  is  pio|H'Hional  to  the  niimbei  ol  eonvv'hitioiis  1 his  evivii 
menial  metal  bellows  luis  a spiine  eonstant  ol  appioMinaielv  > lbs  in  Hie  mel.il  bellow s nseil  in  ihe  v inient 
I-  seats  have  a spiinu  eonstant  ol  appioMinaielv  1 .1  lbs  in  Hie  sm.illei  spiiiii;  eonstant  toi  the  epseiimental 
bellows  was  ehoseii  loi  ivvo  le.isoiis  (a)  sinee  lei'illviek  vvoiilil  be  emploseil  loi  eontiol  ol  the  bellows  ,1 
hiphei  spiinjt  eonstant  iliil  not  have  to  be  lelieil  on  loi  bettei  lU'sition  eontiol,  aiul  tbi  the  sin.illei  spinie 
eonstant  bellows  shoiihl  ilisplav  lon^ei  hie  sniee  it  li.is  moie  eonvohitioiis  than  the  eonveittion.il  bellow  i 

Ihe  Ivllows  has  one  pneiim.ilie  (V'll  vvhieli  is  both  a rilline  (\'il  as  well  as  a ventiiu'.  poll  When 
piessiiii/i'il.  the  bellows  has  an  iipvv  aul  slu'ke.  when  ilepiessinueil,  the  bellow  s h.is  a ilovv  nw  .ml  Mioke  I he 
vvi(vi  aim  ol  a lO.lHK'ohm  line.ii  potentionietei  lollovvs  the  esenision  ol  Ihe  Ivllows  l.ieepl.iie  Ihe 
bellows  aiul  (viitentioiiietei  evuipleil  tovtethei  eonslitiite  a pneinii.Uietoeleeliie.il  lunisihieei  Ib.e 
t't'Nt'l  ll'W  valve  aiul  the  bellows  (pneiim.itie  los'leetiie.il  li.insiliieei  I e.iii  be  himiVil  toeetliei  to  loim  a 
voll.iee  ti.inslei  riinelion,  ' (bellows'  tv.ilve'  Hus  ti.inslei  riinelion  was  ileieinnneil  espeunu'iiiallv 
loi  a iloseil  loop  svstem  .malvsis 

Ihiee  espeiimiiilal  eoiulilions  ol  tiansieni  beh.ivtoi  weie  analv.eil  m the  o|vn  loop  sv  stem  10 
ileteiniine  whieh  niethoil  was  the  most  pionnsin^  to  impiove  the  lesponse  ol  the  ovei.ill  svvtem  Ml 
tnethoils  weie  evaliiateil  loi  the  inll.ition  anil  ilellation  eveles  aiul  emploseil  44  leet  ol  tiibine  o'lineeti'il 
belvvivn  the  ( I'NOI  1 l"V  valve  ami  the  bellows  \ It'  poiiiul  vveiithi  was  iiseil  as  .1  bellows  lo.ul  .nul  both  .1 
"lu'sitive  eolni;"  anil  "necative  v^'lnl;''  step  input  weie  appheil  to  the  v.ilve  Hie  output  lespoiise  loi  e.ieli 
ease  was  leei'iiieil. 

Ihe  liisi  setup  was  simpiv  .1  t't'Nt'l  It"'  valve  aiul  the  bellows  eonneeteil  with  4>  teel  ot  tubnu; 
Hie  seeoiul  setup  iitili/eil  in  aiiihtion  a one  to  one  I'neum.itie  biH'siei  lel.is . vvliuh  is  an  oil  ihe  shell  item 
iisi'il  on  the  \.sri  seat  aiul  eonneeteil  betwivn  Ihe  valve  ami  bellows 

Hie  boosiei  lel.is  was  .ulileil  to  Ihe  VSI’l  M si'.ils  to  iiisine  i.n'ul  esh.uist  evele  time  aiul  to  ilamivn 
pivssine  oseillalions  tKion.  I'*''''  Hie  booslei  lel.iv  also  uses  a ''  \'si  an  siipt'lv  Ihe  iliiiil  setup  null  I'll  a 
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/ .T  Schematic  of  CONOFLOW  valve  electro-pneumatic  transducer. 
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hiKurc  7,  Open-loop  performance  of  bellows  to  step  input. 
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Sinusoidal  Input  Signal 
(1  Hz) 


Output  Slpnal  Without  Rleod 


(330ms  Phase  Lag) 


Output  Signal  With  Bleed 
(2A0ms  Phase  Lag) 


/•igure  Effect  of  needle  valve  bleed  on  bellows  response. 
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Magnitude  response  of  open-loop  valve-bellows  system. 


Figure  II.  Response  and  rise  time  characteristics  of  the  open-loop  valve-bellows  system. 
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The  (s  K.  ('|  + U lactot  iit  tlio  iloiioininulor  of  ei|uaiioi)  .?  t'lmiiiiuis  as  lead  atiti|K’nsati(i[i  in 
decrease  phase  lap:  the  (s  Rt  ('•  + I)  laclor  in  the  nnineralor  ol' e>|iiatik)n  riinclions  as  lag  eoin|x*nsalion 
to  cancel  out  the  elTects  ot  a [Xile  in  the  open-loop  electropneuinatic  transducei -bellows  system.  IViih  lag 
and  lead  comivnsation  are  configuied  to  insure  stability  of  the  system.  Relative  stability  Is  achieved  with  a 
gain  niaigin  of  I 2db  and  a phase  margin  of  SO"  (I  'igiires  1 .'  and  14). 


l lie  oveiall  transfer  function  for  the  feedback -incoiixuated  transducer-bellows  system  is: 
Vois)  . IR^/R^)  1.;  X 10^  e (s  + .1) 


Vits) 


(s  + j.v5  + :.,n  (s  i.v5  * :..t)  (s  + 24.:)  (s  + s‘M) 


(4) 


ulieie  Ks  IS  selected  for  overall  .system  gain,  figures  1.x  and  !('  .show  magnitude  ies|x>nse  versus  angular 
lieiniency  and  pliass-  lesponse  versus  angular  frequency,  respectively. 

flguies  17.  IS.  and  l‘>  are  response  data  for  open-loop  and  closed-loop  systems.  Ramp  and  step 
inputs  \seie  applied  foi  both  hxided  and  unloaded  bellows.  In  each  instance  the  input  signal  and  output 
resixmses  of  the  pneumatic  (i-cueing  system  are  recorded;  the  input  signal  is  the  lower  section  of  the 
recording  pa(x-r  and  the  output  response  is  the  up|X’r  section  of  the  recording  paix'i  . The  results  are  shown 
in  fables  2 and  and  demonstrate  that  negative  feedback  using  lead  and  lag  coin|XMisation  has  improved 
the  response  of  the  system,  fhe  complete  feedback  Cl-seat  system  diagram  is  depicted  in  figure  20. 


V.  Sl'MMAKY  Of  RfSfil  rs 

A complete  channel  of  Cl-seat  hardware  consisting  of  the  electro-pneumatic  transdticer.  needle  valve. 
Ilcxible  tubing,  pneumatic  booster  relay,  and  metal  air  bellows  was  evaluated  in  both  the  ot>cn-  and 
cl osed  -h x> p CO n I'lg u ra t ion . 

In  the  o|x"n-hx)p  conllguration.  the  valve-bellows  closely  matched  the  current  ll-seat  system  hard- 
ware. The  system  acts  like  a low-pass  filter,  llie  booster  relay  tends  to  improve  the  rise  and  fall  time  of  the 
bellows  but  has  no  apparent  effect  on  the  initial  resixmse  time  of  the  system.  It  was  found  that  in  the 
oix'n-loop  conliguration.  the  optimum  arrangement  included  a needle  valve  between  the  electropneuinatic 
transducer  and  bellows.  With  no  booster  relay  and  the  needle  valve  bleed,  the  initial  lesponse  time  of  the 
system  improved  from  140ms  to  ‘)0ms.  .Although  the  needle  valve  improved  the  fall  time,  the  rise  time  w as 
not  as  good  ;is  with  the  booster  relay  in  the  system.  Tlie  effect  of  hose  length  between  the  transducei  and 
the  bellows  was  also  evaluated.  As  expected,  the  longer  hose  lengths  introduced  additional  delay  into  the 
system,  with  a .TSins  lag  for  a 1 .S-foot  hose  and  a 7.Snis  lag  for  a 4.^-fool  hose. 

The  system  was  then  evaluated  in  a closed-loop  configuration.  In  general,  the  position  feedback 
bellows-valve  configuration  resulted  in  a better  performing  system  compared  to  the  oix'ii-loop  con- 
figuration. The  closed-loop  system  resulted  in  the  output  voltage  leading  the  input  voltage  at  frequencies 
below  5 11/  and  the  magnitude  response  resulting  in  a band-pass  filter  with  a resonant  frequency  around  4 
II/,  Negative  feedback  with  both  lead  and  lag  compensation  improved  the  restxmse  ol  the  closed-loop 
system,  for  a step  input,  the  closed-loop  system  demonstrated  20'('-  faster  response  times  and  ten  times 
faster  rise  times,  for  a ramp  input,  the  closed-loop  system  demonstrated  .HV;  faster  response  times  and  one 
and  one-half  times  faster  ramp  rates. 

It  is  anticipated  that  the  work  described  in  this  report  will  foster  an  interest  in  the  simulator 
community  lor  the  further  development  of  a more  responsive  pneumatic  ll-seat  control  system,  fhe  -Mr 
force  is  currently  under  contract  (f.Tfb.S7-78-r-01 1‘))  with  the  franklin  Institute  Resr-arch  laboratories 
(I’liiladelphia.  PA)  for  the  development  of  an  improved  electropneuinatic  transducer  and  a closed-loop 
pneumatic  control  system  for  ll-scals. 
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rtxure  13.  Magnitude  response  of  compensated  valve-bellows 


ANGULAR  FREQUENCY  oj  (RAD/SEC) 


resp<jn!ie  of  compensated  valve-bellosss. 


/■ixure  ]:'  Magnitude  respon'ie  of  clo>>ed-foop  O-seal  system 


Open-Loop  System  Response  willi  Step  Input 
(No  weight,  43  foot  liose) 


Closed-Loop  System  with  Step  Input 
(No  weight,  43  foot  hose) 


llviirf  I 7.  0|)cii  tiiid  chiscd-luop  system  n'spimse  to  stop  input  (no  woiglit) 


Open-Loop  System  Response  with  Step  Innnt 
(10-pound  weight,  43  foot  hose) 


Closed-Loop  System  Response  with  Step  Input 
(10-pound  weight,  43  foot  hose) 


Figure  IS.  Open  and  closed-loop  system  responde  to  step  input  (10-pound  weight). 
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Hgtin'  /V,  Open  and  closedloop  .system  response  to  ramp  input. 
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I'ahli'  J.  I'ransdiii'cr  Bellows  System  Kespunse 
Step  Input,  Blivd  Valve,  4.1  foot  Hose 


No  Weight 

10-pound  Weight 
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I'ithli'  .1’.  1'raiisdueer  Bellows  System  Kesponst* 
Kamp  Input,  Bleed  Valve,  4.(  loot  Hoses 
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FEEDBACK  G-SEAT  SYSTEM  DIAGRAM 


of  experimental  feedback  G-seat  system. 
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